Premature infants exhibit neurodevelopmental delay and reduced growth of the cerebral cortex. However, the underlying mechanisms have remained elusive. Therefore, we hypothesized that neurogenesis in the ventricular and subventricular zones of the cerebral cortex would continue in the third trimester of pregnancy, and that preterm birth would suppress neurogenesis. To test our hypotheses, we evaluated autopsy materials from human fetuses and preterm infants of 16-35 gestational weeks (gw). We noted that both cycling and non-cycling Sox2 + radial glial cells as well as Tbr2 + intermediate progenitors were abundant in human preterm infants until 28 gw. However, their densities consistently decreased from 16 through 28 gw. To determine the effect of premature birth on neurogenesis, we employed a rabbit model and compared preterm (E29, 3 days old) and term pups (E32, <2h age) at an equivalent post-conceptional age. Glutamatergic neurogenesis was suppressed in preterm rabbits, as indicated by reduced number of Tbr2 + intermediate progenitors and increased number of Sox2 + radial glia. Additionally, hypoxia inducible factor-1α, vascular endothelial growth factor, and erythropoietin were higher in term than preterm pups, reflecting the hypoxic intrauterine environment of just-born term pups. Proneural genes, including Pax6, Neurogenin-1 and -2, were higher in preterm rabbit pups compared to term pups. Importantly, neurogenesis and associated factors were restored in preterm pups by treatment with dimethyloxallyl glycine-a hypoxia mimetic agent. Hence, glutamatergic neurogenesis continues in the premature infants, preterm birth suppresses neurogenesis, and hypoxia-mimetic agents might restore neurogenesis, enhance cortical growth, and improve neurodevelopmental outcome of premature infants.
Introduction
The human cerebral cortex is complex and highly organized, which distinguishes humans from other species. The cerebral cortex orchestrates cognitive functions, intelligence, motor abilities, and sensory perceptions. Unraveling its development after mid-pregnancy might elucidate the mechanisms of its expansion and enhance the understanding of neurological disorders in premature infants. Therefore, we asked whether neurogenesis continues in prematurely born infants.
Every year, about 15 million infants are born preterm worldwide. These infants exhibit significant reduction in cortical gray matter volume and manifest with moderate-to-severe neurodevelopmental disability at 1 year of age (Dyet et al., 2006; Thompson et al., 2007) . They continue to display impaired cortical growth even in childhood and adolescence (de Kieviet et al., 2012) . Premature infants frequently develop complications, including intraventricular hemorrhage, hypoxia, ischemia, and sepsis, which reduce cortical growth and development (Vasileiadis et al., 2004) . These neonatal disorders may impact neurogenesis, causing an imbalance between excitatory glutamatergic and inhibitory GABAergic neurons. The imbalance of excitation and inhibition within neural microcircuitry is associated with epilepsy, autism, neurodevelopmental disorders, and psychiatric illnesses, which are more common in preterm than term infants (Whitaker et al., 1997; Indredavik et al., 2010) . Hence, it is important to determine how developmental neurogenesis progresses during the third trimester of pregnancy when premature infants are born.
In primates, glutamatergic neurogenesis occurs in the ventricular (VZ) and subventricular zones (SVZ) of the dorsal telencephalon, whereas GABAergic neurogenesis takes place in both ventral (ganglionic eminence) and dorsal telencephalon (Letinic et al., 2002; Jakovcevski et al.) . Cortical projection neurons, which are primarily glutamatergic, originate from radial glia residing in the dorsal VZ and SVZ. Radial glial cells in the VZ generate intermediate progenitor cells (IPC) that migrate to the SVZ to further divide, migrate, and form the six cortical layers (Haubensak et al., 2004) . During infancy, migrating immature neurons have been found to be abundant in the SVZ and rostral migratory system of (Sanai et al., 2011) . Neurogenesis has been studied in less than 24 gw and in term infants (Hansen et al., 2010; Wang et al., 2011) , but not in preterm infants (24-35 gw) .
Neurogenesis is temporally regulated, and premature birth might affect it. Oxygen is a key regulator of neurogenesis (Panchision, 2009) . Oxygen concentration in cerebral circulation is 25-30 mm Hg in fetuses (in utero), which increases to 50-60 mm Hg shortly after premature birth (Soothill et al., 1986) . Increasing evidence indicates that hypoxia enhances proliferation of neuronal progenitors in vitro (Horie et al., 2004) . Thus, a withdrawal of physiological hypoxia with premature birth might suppress neuronal differentiation (Horie et al., 2008) . Hypoxia activates hypoxia-inducible factor (HIF)-1α, which regulate erythropoietin (EPO), vascular endothelial growth factor (VEGF), WNT/β-catenin activity, and several signaling pathways (Zheng et al., 2008) . These factors exert direct effects on neurogenesis. Therefore, we hypothesized that neurogenesis in the VZ and SVZ of the cerebral cortex would continue in the third trimester of pregnancy and that preterm birth might suppress neurogenesis. We also postulated that the HIF-1α activation would restore neurogenesis in premature infants.
Material and Methods

Human subjects
The Institutional Review Board at New York Medical College and Westchester Medical Center, Valhalla, NY approved the use of autopsy materials from fetuses and premature infants for this study. The study materials included brain tissues sampled from spontaneous abortuses of 16-22 gw and autopsies of premature infants of 23-40 gw. The autopsy samples were obtained at postmortem-interval of less than 18 h for premature infants and less than 8 h for fetuses. Only infants of less than 5 d postnatal age were included in the study to minimize the effect of postnatal events on neurogenesis occurring in the neonatal intensive care units. We excluded premature infants with grade 2-4 intraventricular hemorrhage, major congenital anomalies, chromosomal defects, culture-proven sepsis, meningitis, hypoxic-ischemic encephalopathy, and infants receiving extracorporeal membrane oxygenator treatment from the study. Any brain tissue showing autolysis or necrosis on hematoxylin and eosin staining was also excluded. Autopsy samples were classified into 5 groups: a) fetuses of 16-19 gw, (n=5), b) fetuses of 20-22 gw (n=5), c) premature infants of 23-25 gw (n=5), d) premature infants of 26-28 gw (n=5), and e) premature infants of 29-35 gw (n=5). Of these, 10 were females and 15 were males. These samples were collected over the last 10 years (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) at New York Medical CollegeWestchester Medical Center, Valhalla, NY.
Human tissue collection and processing
Brain samples were processed as described previously (Ballabh et al., 2007) . Coronal blocks (5-6 mm) were cut through frontal cortex (cortical plate), white matter (embryonic intermediate layer), and germinal matrix in the region of the thalamostriate groove at the level of interventricular foramen (Monro's foramen). The samples were fixed in 4% paraformaldehyde in phosphate buffer saline (PBS; 0.01 M, pH 7.4) for 18 h, cryoprotected by immersing into 20% sucrose in PBS buffer for 24 hours, followed by 30% sucrose for the next 24 h. We froze tissues after embedding them into optimum cutting temperature compound (Sakura, Japan); and then blocks were stored at −80°C. Frozen coronal blocks were cut into 12 µm sections using a cryostat and saved at −80°C until use.
Animal Experiments
The Institutional Animal Care and Use Committee of New York Medical College approved the use of animals for the study. We obtained timed-pregnant New Zealand rabbits from Charles River Laboratories, Inc. (Wilmington, MA). C-section was performed to deliver the pups prematurely at E29 (full-term=32 days). We kept the pups in an infant incubator prewarmed to a temperature of 35°C. The pups were fed 2-3 ml (100 ml/kg) of puppy formula (Esbilac, Petag, IL) twice daily in the first two days; and subsequently, the feed was advanced to 125, 150, 200, 250 and 280 ml/kg at postnatal days 3, 5, 7, 10 and 14, respectively. We also included full-term (E32) rabbit pups in the study delivered by 2 pregnant rabbits. Live born and healthy looking pups were of either sex were included in the study. Pups with postnatal complications including aspiration of formula, cardiac arrest requiring resuscitation and any apparent congenital defect were excluded from the study.
Dimethyloxallyl glycine (DMOG) treatment
To stabilize HIF-1α, we treated E29 rabbit pups with DMOG (Caymen Chemicals, MI) starting immediately at birth. DMOG was administered in a dose of 100 mg/kg daily IM for 3 days. These pups were sacrificed at 72 h age. The comparison group received vehicle (15 µl DMSO).
Rabbit tissue collection and processing
We processed the tissues as previously described (Dummula et al., 2011) . Two-to-three mm thick coronal slices, taken at the level of midseptal nucleus of the forebrain, were immersion-fixed in 4% paraformaldehyde in phosphate buffered saline (PBS; 0.01 M, pH 7.4) for 18 hours. Samples were then cryoprotected by immersing into 20% sucrose in 0.01 M PBS for 24 hours followed by 30% sucrose for the next 24 hours. Tissues were frozen into optimum cutting temperature compound. Frozen coronal blocks were cut on a cryostat into 30 µm sections.
Immunohistochemistry
Immunostaining was performed as described previously (Ballabh et al., 2007) . The primary antibodies used in experiments included goat polyclonal SOX-2 (catalog # SC-6895, Santa Cruz Biotech, Santa Cruz, CA), rabbit polyclonal TBR2 (courtesy of Dr. Robert Hevner, Seattle, WA), rabbit monoclonal Ki67 (catalog # 275R-14, Cell Marque, Rocklin, CA), mouse monoclonal Ki67 (catalog # M7240, Dako, USA), mouse monoclonal phosphovimentin (catalog # D076-3, MBL international, Woburn, MA), mouse monoclonal GFAP (catalog # G3893, Sigma, St. Louis, MO), and mouse monoclonal vimentin (catalog # V6630, Sigma, St. Louis, MO). The secondary antibodies used were Alexa 488 donkey antimouse, Alexa 647 donkey anti-goat, Alexa 594 donkey anti-rabbit (Invitrogen, Grand Island, NY) . Briefly, we hydrated the fixed sections in 0.01 M PBS and incubated them with the primary antibodies diluted in PBS at 4°C overnight. After washing in PBS, the sections were incubated with secondary antibody diluted in 1% normal donkey serum in PBS at room temperature for 60 minutes. Finally, after washes in PBS, sections were mounted with Slow Fade Light Antifade reagent (Molecular Probes, Invitrogen, CA) and were visualized under a confocal microscope (Nikon Instruments, Japan). Stereology was performed using a Fluorescent microscope (Axioskop 2 plus, Carl Zeiss Inc.) with motorized specimen stage for automated sampling (ASI, Eugene, OR), CCD color video camera (Microfire, Optronics, Goleta, CA) and stereology software (Stereologer, SRC, Baltimore, MD).
Quantification of neuronal progenitors under confocal microscope
We quantified Sox2 and Tbr2 positive cells and their proliferation in 5 groups of subjects: 16-19, 20-22, 23-25, 26-28 and 29-35 gw (n = 5 each group, 25 subjects total). From each brain, 4-6 coronal sections were obtained. Coronal brain sections were triple labeled with Sox2, Tbr2 and Ki67 specific antibodies to evaluate density and proliferation of Sox2 + and Tbr2 + cells. To determine the proportion of Sox2 + and Tbr2 + cells compared to all neural cells, we labeled another set of coronal sections with Sox2, Tbr2 and Sytox (nuclear stain). The counting was done in six representative images from each brain region (dorsal cortical SVZ and ganglionic eminence) acquired on confocal microscope (Nikon Instruments, Japan) using 60 × objective. Of these, 3 images were taken at the level of the ventricular surface encompassing VZ and inner SVZ, and the remaining 3 images were acquired above the initial ones (outer SVZ). All counting was done on the confocal microscope (EZ-C1 program) by using 'point of interest' icon from menu bar. Hence, we counted objects in ~6 images per brain region (ganglionic eminence and dorsal SVZ) of each brain section (6 images × 2 brain regions × 4-6 sections × 25 brains). Stereological protocol was not followed for the quantification of cells in human brains because triple-labeled live images cannot be obtained by a regular fluorescent microscope equipped with stereology software. Hence, the counting was done on confocal microscope by an investigator blinded to the experimental group.
We also quantified doublecortin (DCX) labeled cells in four groups of human subjects: 16-22, 23-25, 26-28 and 29-35 gw (n = 4 each group, 16 subjects total). To this end, we triple labeled forebrain coronal sections with DCX, Ki67 and Sytox. The counting was done in dorsal cortical SVZ and ganglionic eminence, just as for Sox2 and Tbr2 by a blinded investigator on the confocal microscope.
Stereological assessment of Sox2, Tbr2 and Ki67 positive cells in rabbits
Unbiased stereology methods, with assistance from a computerized software system (Stereologer, Stereology Resource Center, Chester, MD), were used to quantify a range of parameters in two brain regions; a) dorsal VZ and SVZ underneath the corona radiata and corpus callosum and b) lateral ganglionic eminence (forms the lateral margin of the cerebral ventricles). Briefly, coronal sections were cut on cryostat at a setting of 30 µm thickness with a section sampling interval of three (90µm) to achieve at least 6 sections at the level of mid-septal nucleus. The sections were triple-labeled with Sox2 or Tbr2 with Ki67 antibodies and DAPI (nuclear stain) and quantified as follows. The reference spaces (dorsal VZ and SVZ) were first outlined on the section under 5x objective. The volume of the outlined area (reference space) was quantified using a point counting probe (frame 25µm × 25µm; guard zone 2 µm; inter-frame interval = 300 µm). The total number of Sox2 + , Tbr2 + or Ki67 + cells labeled with their respective antibodies through a defined reference space was quantified using the optical dissector probe under 60x oil lens. For the optical dissector probe (frame 25 µm × 25 µm; guard zone 1 µm, interframe interval 200 µm), the user clicked on the objects within the dissector frame. Sampling continued until the coefficient of error (CE) was less than 0.10. To assess cells positive for both Ki67 and Sox2, we used a dual color filter (Filter set 74 HE GFP+mRFP shift free, Zeiss, Thornwood, NY) that visualizes both Alexa 488 and Alexa 594 labeled cells.
Western blot analyses
We homogenized the frozen brain tissue in sample buffer (3% SDS, 10% glycerol, 62.5mMol Tris-HCl, and 100 MM-MDTT) using a mechanical homogenizer and boiled the samples immediately for 5 minutes. The protein concentration in the supernatant was determined using BCA Protein Assay Kit (Pierce catalog # 23227, Thermo Scientifics, IL). Total protein samples were separated by SDS-PAGE according to the previously described method (Ballabh et al., 2007) . Equal amounts of protein (10-20 µg) were loaded into a 4-15% gradient precast gel (Biorad, CA). The separated proteins were transferred onto polyvinylidene difluoride (PVDF) membrane by electro-transfer. The membranes were then incubated with primary antibodies (mouse monoclonal HIF-1α, catalog # SC-53546, Santa Cruz Biotech; mouse monoclonal VEGF catalog # SC-7269, Santa Cuz Biotech; rabbit polyclonal Pax6 catalog # PRB-278P, Covance, CA) . We detected target proteins with chemiluminescence ECL system (Amersham Biosciences Inc. NJ) by using secondary antibodies conjugated with horseradish peroxidase (Jackson Immunoresearch, PA). We next stripped the blots with stripping buffer (Pierce) and incubated with β actin primary antibody followed by secondary antibody and detection with chemiluminescence ECL system. As described previously (Ballabh et al., 2007) , the blots from each experiment were densitometrically analyzed using ImageJ. The optical density values were normalized by taking the ratio of the target protein and β actin.
Quantitative real-time polymerase chain reaction
Quantitative real-time polymerase chain reaction (qRT-PCR) was performed as described previously (Ballabh et al., 2007) . Briefly, total RNA were isolated from 1-2 mm thick slice taken at the level of mid-septal nucleus of the forebrain by Mini RNA isolation kit (Zymo Research, CA). RNA was reverse-transcribed using Superscript II RT (Invitrogen, CA). Real-time reverse transcriptase-PCR were used to analyze mRNA expression using an ABI PRISM 7700 Sequence Detection System (Applied Biosystems, USA). Quantification was performed using the efficiency-corrected ΔΔCT method. The following primers were used for qRT-PCR: Pax6 (accession # NM_001082217.1) sense CCCGTCCATCTTTGCTTGGGAAAT, antisense TAGCCAGGTTGCGAAGAACTCTGT; Neurogenin2 (accession # XM_002717014.1) sense GCATCAAGAAGACACGCAGACTGA, antisense TCTCGATCTTGGTTAGCTTGGCGT; Neurogenin 1 (accession # XM_002710221.1) sense AACCGCATGCACAACCTGAA, antisense AAGCGTAGCGTCTCGATCTT; Hes1 (accession # XM_002716517.1) sense GAGCACAGGAAGTCTTCAAAGCCA, antisense TGGAATGCCGCGAGCTATCTTTCT; Hes 5 (accession # NM_001010926.3) sense GCATCAACAGCAGCATCGAGCA, antisense TAGCTGACAGCCATCTCCAGGAT; Emx 1 (accession # BC037242.1) sense TCCAGAACCGGAGGACAAAGTACA, antisense TGATGTGATGGGAGCCCTTCTTCT; Emx2 (accession # AF301598.1) sense AAGCGCTGCTTCACCATCGAGT, antisense AGCCGTTGAGGAACGGATTTATGG; Insulinoma associated 1 (Insm1; accession # NM_002196.2) sense ACTTCGAGGACGAGGTGACCA, antisense TTGCACAGCTGGCAGATGAACT; VEGF (accession # NM_003376)AGACGGACAGAAAGACAG (sense), AAGCAGGTGAGAGTAAGC (antisense).
Statistics and Analysis
Data are expressed as means ± standard error of the mean (sem). To determine differences in the density of radial glia, IP cells and their proliferation in the dorsal SVZ and ganglionic eminence in 5 age groups of human subjects, including 16-19, 20-22, 23-25, 26-28 and 29-35 gw, 2-way analysis of variance with repeated measures was used. The repeated factor was applied to the 2 brain regions, dorsal SVZ and ganglionic eminence. To compare the density of radial glia, IPC and their proliferation in treated preterm, untreated preterm and term rabbit pups, we used one-way ANOVA. For Western blot analyses, 3 group comparisons were done using one-way ANOVA. All post hoc comparisons to test for differences between means were done using Tukey multiple comparison test at the 0.05 significance level. For two group comparisons, either T-test or Mann Whitney U test was performed, as applicable.
Results
Radial glia and intermediate progenitors populate dorsal SVZ of premature infants
To evaluate neurogenesis, radial glia (apical progenitors) and IPC (basal progenitors) were assessed in the dorsal SVZ and VZ of five subgroups of human fetuses and premature infants: 16-19, 20-22, 23-25, 26-28 and 29-35 gw (n = 5 in each group, Table 1 ). We identified radial glia and IPC by immuno-labeling with antibodies for Sox2 and Tbr2 (Tbrain gene 2) transcription factors, respectively. Ki67, which labels cells in late G1, S, G2, and M phases of the cell cycle, was chosen to assess proliferation of radial glia and IPC. Immunostaining of coronal sections revealed that Sox2 + cells were abundant in the VZ and SVZ of fetuses and premature infants ( Fig. 1 and 2 ). However, their densities decreased with advancing gestational age (P<0.001; Fig. 1B ), becoming scarce-to-absent in preterm infants older than 28 gw. Comparison between the five groups showed that Sox2 + cells were fewer in 29-35 gw infants compared with 16-19, 20-22 and 26-28 gw (P<0.001, 0.026, 0.047, respectively) . To determine whether Sox2 + cells exhibited apical and basal processes, we double labeled the sections with Sox2 and vimentin antibodies. Vimentin was expressed on basal and apical processes of the radial glia surrounding the Sox2 + nuclear labeling (Fig.  3A) . Many Sox2 + cells showed vimentin positive apical processes; however, the basal processes could not be traced deep into the white matter. Similarly, nestin was expressed on radial glial processes encircling the Sox2 + nuclear labeling (Fig. 3B) Similar to Sox2 + cells, Tbr2 + IPC were abundant in the SVZ of fetuses and premature infants (16-28 gw, Fig. 1 and 2) . A pairwise comparison between the five groups of subjects showed a progressive decline in the number of Tbr2 + cells with advancing gestational age (P<0.001 for three comparisons: 16-19 vs. 20-22 gw, 20-22 vs. 23-25 gw, and 23-25 vs. 29-35 gw; P<0.03 for 23-25 vs. 26-28 gw, Fig. 1B) . Notably, Tbr2 + cells were almost undetectable after 28 gw. A subset of neuronal progenitors co-expressed Sox2 and Tbr2, suggesting persistence of Sox2 antigen after the birth of Tbr2 + IPC. These Sox2 and Tbr2 co-labeled cells of the VZ and SVZ reduced in density with increasing gestational age (P<0.001, Fig. 1C ), becoming extinct after 28 gw.
The fetuses of less than 23 gw usually do not survive and thus, are considered non-viable (Seri and Evans, 2008) . We, therefore, compared the density of radial glia and IPC between fetuses of less than 23 gw (16-22 gw, non-viable) and premature infants of 23 gw or more (23-28 gw, viable) . To this end, we combined 2 subsets of fetuses (16-19 and 20-22 gw) and 2 subsets of preterm infants (23-25, 26-29 gw) , and then compared these two groups. We found that the density of Sox2 + , Tbr2 + , and both Sox2/Tbr2 positive cells was significantly less in preterm infants compared to fetuses (P<0.025, 0.001, 0.001, respectively). Together these results indicate that neurogenesis slows down as gestational age advances toward the age of viability.
Radial glia and IPC were more numerous in the inner SVZ compared with the outer SVZ in fetuses. Conversely, in preterm infants, Tbr2 + cells appeared to be more abundant in the outer SVZ than the inner SVZ. Therefore, we compared densities of Sox2 + and Tbr2 + cells between the outer SVZ and the inner SVZ (including VZ) in 2 subsets of preterm infants-23-25 and 26-28 gw. We found that Tbr2 + cells exhibited a trend towards higher density in the outer SVZ, whereas Sox2 + cells displayed a trend for larger number in the inner SVZ. However, the comparisons were not statistically significant (Data not shown). Together, the relative abundance of apical (Sox2 + ) and basal (Tbr2 + ) neuronal progenitors in the VZ and SVZ of premature infants of 23-28 gw and their disappearance after 28 weeks suggests that glutamatergic neurogenesis continues until 28 gw.
Proliferation of neuronal progenitors is reduced in preterm infants compared to fetuses
To evaluate proliferation of radial glia and IPC in the dorsal SVZ, forebrain sections triple labeled with Sox2 + , Tbr2 + and Ki67 specific antibodies were evaluated (Fig. 2) . A comparison between 16-19, 20-22, 23-25, 26-28, and 29-35 gw categories revealed that Ki67 + neural cells were abundant in lower gestational age and markedly sparse in higher gestational age subjects (P<0.001 for all three: 16-19 vs. 20-22 gw, 16-19 vs. 23-25 gw, and 20-22 vs. 26-28 gw; P<0.028 for 23-25 than 29-35 gw). Accordingly, proliferating Sox2 + and Tbr2 + cells were more numerous in early gestational age compared to late gestational age in fetuses and premature infants (Fig. 2B, 2C) . Indeed, proliferation of all three categories of progenitors--Sox2 + , Tbr2 + , and cells co-expressing Sox2 + and Tbr2 + --decreased with the advance in gestational age (P<0.001 all). Consistent with these findings, proliferation of Sox2 + and Tbr2 + cells was significantly higher in fetuses relative to premature infants (16-22 vs. 23-28 gw: P<0.001 all).
To specifically evaluate the density of radial glial cells after M-phase of the cell cycle, we chose another marker, phosho-vimentin (p-vimentin), and double labeled the brain sections with p-vimentin and Sox2 antibodies (Fig. 3C) . We found that p-vimentin + cells were abundant in the dorsal VZ and SVZ of fetuses (16-22 gw), relatively scarce in premature infants of 23-25 gw, and almost absent after 26 gw (data not shown). Together, proliferation of neural progenitors in VZ and SVZ sharply declines in preterm infants, being almost absent after 28 gw.
Intermediate progenitors absent, but radial glia abundant in the ganglionic eminence
In humans, Tbr2 + IPC, which are primarily glutamatergic, originate in the SVZ of dorsal telencephalon, whereas interneurons derive from both the dorsal SVZ and the ganglionic eminence (Letinic et al., 2002; Rakic and Zecevic, 2003; Kowalczyk et al., 2009 ). Accordingly, Tbr2 + cells were conspicuously absent in the ganglionic eminence. The distribution of Tbr2 + cells exhibited a sharp demarcation between abundant Tbr2 + cells in the dorsal (cortical) SVZ and a complete absence of Tbr2 + cells in the ventrally located ganglionic eminence (Fig. 4A ).
Radial glia, labeled by Sox2, were abundant in the ganglionic eminence of fetuses and premature infants; and they declined in density with advancing gestational age (P<0.001, Fig. 4B, 4C ). Accordingly, a comparison between groups revealed that the number of Sox2 + cells in the ganglionic eminence was significantly decreased in some of the higher gestational age categories relative to lower age groups (P<0.001 for 16-19 vs. 23-25 gw; P=0.017 for 20-22 vs. 29-35 gw; P=0.013 for 25-28 vs. 29-35 gw, Fig. 4B, 4E) . However, the difference in the density of Sox2 + cells between fetuses (16-22 gw) and premature infants (23-28 gw) was not statistically significant.
We next assessed proliferation in the radial glia of the ganglionic eminence. Similar to the dorsal SVZ, the number of cycling neural cells (Ki67 + cells) and proliferation specific to Sox2 + progenitors (co-labeled Sox2 + and Ki67 + ) diminished with advancing gestational age (P<0.001 both, Fig. 4D ). Consequently, these two categories of proliferating cells were more abundant in fetuses relative to premature infants (P<0.05 both). Consistent with these findings, a further comparison between the five groups showed significantly higher proliferation rates for lower gestational age groups (Fig. 4D) . Collectively, these results demonstrate that in the ganglionic eminence Tbr2 + cells were conspicuously absent; and the total number of Sox2 + progenitors as well as their proliferation was reduced with increasing gestational age.
Cycling radial glia are more abundant in the ganglionic eminence relative to the dorsal SVZ Since radial glia reside in both the dorsal SVZ and ganglionic eminence (Zecevic et al., 2005; Fietz and Huttner, 2010) , it is important to compare their densities and proliferation capacity between these two germinal zones. The densities of Sox2 + cells both in the fetuses (16-22 gw) and premature infants (23-28 gw) were comparable between the ganglionic eminence and the cortical SVZ. In addition, the pairwise comparison of the five groups between the two brain regions showed no significant difference.
We next compared the density of cycling Sox2 + cells between the two germinal regions. The number of all cycling neural cells and proliferating Sox2 + cells were significantly more in the ganglionic eminence relative to the dorsal SVZ in fetuses (P=0.02, 0.007), but not in premature infants (P=.09, 0.4). Accordingly, all cycling cells (Ki67 + ) and proliferating Sox2 + (co-labeled for Sox2 and Ki67) cells in 16-19 gw subjects were more abundant in the ganglionic eminence compared to the dorsal SVZ (P< 0.001 both), but no difference was found for the comparison between other groups. Together, these data suggest that cycling radial glia are more abundant in the ganglionic eminence compared to the dorsal SVZ in fetuses (16-22 gw), but not in premature infants.
Doublecortin positive cells in the ganglionic eminence and dorsal SVZ
Doublecortin (DCX), a microtubule-associated protein, is expressed in migrating neuroblasts and is a marker of newly generated neurons (Meyer, 2007) . Hence, we quantified DCX + cells in the dorsal SVZ and ganglionic eminence in 4 sets of brains: 16-22, 23-25, 26-28 and 29-35 gw (n=4 each group, total 16). The percentage of DCX + cells (ratio of DCX + and sytox + ) ranged 20-30% and was comparable between the four gestational groups both in dorsal SVZ and ganglioic eminence (Fig. 5A, 5B) . Accordingly, the total number of DCX + cells did not change as a function of gestational age and was similar between the groups (Fig. 5C ).
We next evaluated proliferation of DCX + cells. In the ganglionic eminence, the total number of proliferating DCX + cells (co-labeled for DCX + and Ki67 + ) reduced as a function of gestational age. Accordingly, the density of the proliferating DCX + cells was higher in 23-25 gw compared to 25-28 and 29-35 gw (P<0.03 and 0.02 respectively, Fig. 5D ). Similar to the ganglionic eminence, the proliferating DCX + cells in the dorsal SVZ showed a trend toward decline with the advance in gestational age, but the comparisons were not statistically significant.
Overall, the densities of total and proliferating DCX + cells were higher in the ganglionic eminence compared with the dorsal SVZ (P= 0.02, 0.032). Pairwise comparison between the two brain regions for each age group showed that the DCX + cells and cycling DCX + cells (co-labeled for DCX and Ki67) were more abundant in the ganglionic eminence compared with the dorsal SVZ for 23-25 gw (P= 0.002 both), but not for other gestational ages.
Preterm birth suppresses neurogenesis and dimethyloxallyl glycine restores neurogenesis in rabbits
Hypoxia activates proliferation and differentiation of neuronal progenitors (Soothill et al., 1986; Panchision, 2009) ; and preterm birth results in withdrawal of physiological hypoxia existing in utero. We, therefore, asked whether preterm birth affects the density and proliferation of Sox2 + radial glial and Tbr2 + IPC in the VZ and SVZ. To this end, we compared abundance of Sox2 + and Tbr2 + cells and their proliferation in just born term pups (E32, <2h age) and 3 days old premature (E29) rabbit pups (corrected conceptional age of 32 d) using stereological protocol. Double labeling with Tbr2 and Ki67 antibodies showed that both the densities of total Tbr2 + and cycling Tbr2 + cells were higher in term pups compared to preterm pups in the dorsal VZ and SVZ (P=0.025, 0.013, respectively; Fig. 6A , 6B). We next examined the cycling and non-cycling Sox2 + cells in the two sets of pups. In contrast to Tbr2 + progenitors, the density of total and proliferating Sox2 + cells in the dorsal SVZ was fewer in term pups compared to preterm pups (P<0.05 both, Fig. 6C, 6D ). We then compared the density of Sox2 + cells in the lateral ganglionic eminence between the two groups. Similar to the dorsal SVZ, Sox2 + cells in the ganglionic eminence were significantly less in term pups compared to preterm pups (63,884 ± 8,840 vs. 103,258 ± 14,143. P<0.05), but not the cycling Sox2 cells (25,527 ± 4,848 vs. 33,022 ± 4,664). Together, preterm birth suppressed glutamatergic neurogenesis and expanded radial glia population.
Preterm pups were exposed to normal oxygen concentration of room air for 3 days, whereas term pups were in the hypoxic uterine environment and were in room air for <2 h. Hypoxia stabilizes and normoxia degrades hypoxia-inducible factor (HIF-1α)-the master regulator of oxygen homeostatsis (Harten et al., 2010) . Dimethyloxallyl glycine (DMOG), a hypoxia mimetic, stabilizes and enhances HIF-1α activity by suppressing the enzyme propyl hydroxylase (Harten et al., 2010) . Therefore, we hypothesized that HIF-1α activation by DMOG treatment would restore glutamatergic neurogenesis in preterm pups. To this end, we alternatively treated E29 pups with either DMOG (100mg/kg once daily for 3 days) or vehicle and compared the density of Sox2 + and Tbr2 + cells between the two groups using stereological protocol (Fig. 7A, 7C . We found that DMOG treatment significantly increased the density of total Tbr2 + (P<0.05), but not the cycling Tbr2 + cells in the dorsal SVZ (P=0.1, Fig. 7B ). DMOG treatment also reduced the density of proliferating Sox2 + cells in the dorsal SVZ (P=0.02), but not the total density of Sox2 + cells (P=0.1, Fig. 7D ). We speculate that DMOG treatment reduced proliferation and enhanced differentiation of radial glia into IPC in the dorsal SVZ, resulting in increased population of Tbr2 + IPC. A comparison of Sox2 + cells in the ganglionic eminence revealed that the DMOG treatment reduced the density of both total and cycling Sox2 + cells in preterm pups compared to vehicle controls (P=0.047 and 0.007, respectively). Together, preterm birth suppressed glutamatergic neurogenesis, and treatment with DMOG promoted glutamatergic neurogenesis in preterm rabbit pups.
Term rabbit pups exhibit higher HIF-1α, EPO and VEGF levels compared to preterm pups
The term pups (just born) were relatively hypoxic compared to preterm pups; and DMOG treatment in preterm pups might activate HIF-1α and upregulate HIF-1α induced molecules (Harten et al. 2010) . Therefore, we postulated that HIF-1α, VEGF, and EPO levels would be reduced in preterm pups and DMOG treatment would increase the expression of these molecules. To this end, we measured the levels of HIF-1α, VEGF, and EPO in term, untreated preterm, and DMOG-treated preterm pups. We found that EPO mRNA expression, assayed by qRT-PCR, was significantly lower in preterm pups compared to term pups and that DMOG treatment increased the levels in preterm pups (P<0.05 and 0.01 respectively, Fig. 8A ). Accordingly, VEGF mRNA accumulation showed a trend towards decrease in preterm pups relative to term pups (P=0.08) and DMOG treatment significantly enhanced VEGF expression in preterm pups (P<0.05, Fig. 8A ).
To determine the protein expression of VEGF and HIF-1α, we performed Western blot analyses. Consistent with mRNA expression, VEGF protein levels were significantly reduced in preterm pups and DMOG treatment increased the level (P<0.01 each, Fig. 8B) . Similarly, HIF-1α protein expression was reduced in preterm pups and DMOG treatment resulted in a significant elevation in its level (P<0.05 and 0.01 respectively; Fig. 8B ). Together, rabbit pups in utero exhibit high levels of HIF-1α, VEGF and EPO, preterm delivery and room air exposure reduces their expression, and treatment of preterm pups with hypoxia-mimetics elevates their expression.
Preterm birth elevates and DMOG treatment restores Pax6 and Neurogenin expression
Glutamatergic neurogenesis in the dorsal telencephalon is orchestrated under the influence of graded expression of transcription factors, including Pax6, Neurogenin (Ngn)1/2, Hes1/5, Emx1/2, and Insm1 (Bertrand et al., 2002; Harten et al. 2010) . Of these, Pax6 is the key transcription factor that maintains neuronal precursors in 'predifferentiation' state and regulates Ngn1/2 (S. Bel-Vialar et al., 2007) . Thus, we postulated that preterm pups would exhibit higher Pax6 and Ngn1/2 expression compared to term pups and that DMOG treatment might restore their levels. To this end, we compared mRNA expression of Pax6, Ngn1/2, Emx1/2, and Insem1 in term, untreated preterm and DMOG treated preterm pups. We found that expression of Pax6 and Ngn2 was significantly higher in preterm pups compared to term pups (P=0.033 and 0.027) and DMOG treatment showed a trend towards decrease in their levels (P>0.1 and 0.09, Fig. 9A ). Ngn1 gene expression was also significantly elevated in preterm pups compared to term pups and DMOG treatment reduced the level (P< 0.01 ea, Fig. 9A ). However, expression of Hes1/5, Emx1/2, and Insm1 were comparable between the three groups (Fig. 9B , data on Emx1/2 not shown).
Since Pax6 is a key transcription factor regulating neurogenesis (Harten et al. 2010 ) and was significantly higher in preterm pups compared to term pups, we measured Pax6 protein levels by Western blot analyses. Consistent with gene expression, Pax6 levels were significantly elevated in preterm pups compared to term pups and DMOG treatment significantly reduced Pax6 levels in preterm pups (P<0.01 each, Fig. 9C) . Collectively, proneural genes including Pax6 and Ngn1/2 are elevated in preterm pups, which appear to expand Sox2 + population and arrest the generation of Tbr2 + IPC.
DISCUSSION
About 10% of infants are born premature worldwide and these infants are at high risk of neurodevelopmental disabilities, cognitive dysfunctions, and behavioral disorders. Since the prematurity rate is increasing and because the survival of these infants has markedly improved, the neurodevelopmental sequelae in preterm infants have emerged as a major public health concern. Little is known about neurogenesis in the third trimester of pregnancy when preterm infants are born, and the impact of premature birth on neurogenesis is also elusive. In this study, we evaluated neurogenesis in human fetuses and premature infants of 16-35 gw, assessed the effect of preterm birth on neurogenesis in premature rabbit pups, and used DMOG, a HIF-1α activator, to restore neurogenesis in preterm rabbits. We found that significant neurogenesis continued in preterm infants until 28 gw. In addition, preterm birth suppressed glutamatergic neurogenesis, and HIF-1α activation restored neurogenesis in preterm rabbit pups.
The most novel finding of this study is that neurogenesis continued in the premature infants until 28 gw. We demonstrated that both cycling and non-cycling Sox2 + radial glial cells as well as Tbr2 + IPC were abundant in preterm infants of 23-28 gw, reduced in density with advancing gestational age, and disappeared by 29 gw. Our findings are consistent with the data that the total number of neural cells in the human brain increases from ~13 × 10 9 at 20 weeks of intrauterine life to 19-23 × 10 9 in the adult brain (Samuelsen et al., 2003) , indicating persistence of neurogenesis beyond 20 gw. Persistence of neurogenesis in late pregnancy has enormous clinical significance; its suppression upon premature birth might contribute to the abnormal neuro-radiological and neuro-behavioral manifestations prevalent in preterm infants. A prominent reduction in gray matter volume of cerebral cortex on MRI evaluation, relatively small head circumference on clinical examination, and prevalence of neurodevelopmental disabilities on neurobehavioral assessment in premature neonates can be attributed to perinatal insults--hypoxia, ischemia, sepsis and necrotizing enterocolitisadversely affecting the developmental neurogenesis (Inder et al., 2005; Dyet et al., 2006; Thompson et al., 2007) . Worldwide rates of cognitive impairment in preterm infants increase with a decrease in gestational age (14-39% for 24 gw, 10-30% for 25 gw, 4-24% for 26 gw, and 11-18% for 29 gw; (Emsley et al., 1998; Stephens and Vohr, 2009 ). This inverse relationship between gestational age and the incidence of cognitive disability, inattention, hyperactivity, and abnormal motor outcomes in premature infants suggests that neurogenesis is suppressed in these infants secondary to preterm birth and perinatal insults (Vohr and Msall, 1997) . Hence, persistence of neuronal turnover in the preterm infants of 23-28 gw underscores the need to minimize neonatal complications that might adversely affect neurogenesis.
Another key finding of this study is that preterm birth suppressed glutamatergic neurogenesis. This conclusion was based on a comparison between two groups of rabbit pups of equivalent postconceptional age--term pups (E32) of less than 2 h age and preterm pups (E29, premature by 10% gestation) of 72 h postnatal age. The term pups were in a relatively hypoxic environment in utero, whereas preterm pups were exposed to normal oxygen concentration of the room air for 3 days. A number of studies have shown that mild hypoxia (2.5-5% O 2 ) promotes stem cell proliferation (De Filippis and Delia). Importantly, culture experiments on neuronal stem cells derived from the ganglionic eminence have shown that the exposure to low oxygen concentration facilitates their differentiation from GABA-positive into glutamate-positive neurons (Horie et al., 2008) . Consistent with these findings, we observed that preterm pups in room air for 3 days exhibited a reduced number of Tbr2 + cells (precursor of glutamatergic neurons) in the dorsal SVZ compared with immediately born term pups. Glutamatergic excitatory neurons constitute 80%, whereas GABAergic inhibitory interneurons comprise 20% of the cortical neuronal population. A disproportion between the two types of neurons is associated with epilepsy, autism, neurodevelopmental disorders, and psychiatric diseases. Indeed, these disorders are more common in prematurely born infants compared to mature ones (Whitaker et al., 1997; Indredavik et al., 2010) . Interestingly, preterm birth resulting in premature visual stimulation does not change the rate of synaptogenesis, but leads to distinct changes in size, type and laminar distribution of synapses (Bourgeois et al., 1989) . Together, premature birth results in multiple morphological and molecular changes in the cerebral cortex.
This study identified that the use of a hypoxia mimetic (DMOG) restored glutamatergic neurogenesis in preterm pups. Specifically, the use of DMOG in preterm pups expanded the population of Tbr2 + IPC and reduced the density of Sox2 + radial glial cells. DMOG is an ester of N-oxalylglycine that inhibits the enzyme prolyl-4 hydroxylase to stabilize HIF-1α under normal oxygen tension (Harten et al., 2010) . HIF-1α key regulator of oxygen homeostasis, and induces transcription of a number of genes, including EPO, VEGF and glucose transporters (Semenza, 2007) . Accordingly, we observed higher expression of HIF-1α, EPO and VEGF in DMOG treated preterm pups relative to untreated preterm controls. Importantly, both EPO and VEGF stimulate neurogenesis (Studer et al., 2000; Sun et al., 2003) . HIF-1α also affects several signaling pathways that regulate neuronal progenitors. It modulates WNT/β-catenin signaling in the hypoxic neuronal progenitors by upregulating β-catenin and downstream effectors, LEF1 and TCF-1 (Mazumdar et al., 2010) . In addition, HIF-1α interacts with Notch-1 intracellular domain and is recruited to Notch responsive promoters when Notch is activated (Gustafsson et al., 2005) . We observed lower levels of Pax6 transcription factor in just-born term pups compared with preterm pups in room air. In disagreement with this finding, intermittent hypoxia results in elevated expression of Pax6 transcription factor in cell culture experiments (Ross et al. 2012 ). This inconsistency between the studies may be because the effects of external and internal cues on proneural genes and neurogenesis are context dependent (Bertrand et al., 2002) . High Pax6 and Ngn2 in our preterm (relative to term) animals seemingly increases the density of Sox2 + cells (Roybon et al., 2009) ; and activation of HIF-1α (by DMOG) in premature pups downregulates Pax6 to enhance Tbr2 + and reduce Sox2 + cells. Hence, pharmacologic compounds that activate HIF-1α may be useful in premature human infants to restore neurogenesis. However, to our knowledge, these agents have not yet entered clinical trials.
Premature birth results in withdrawal of physiological hypoxia existing in utero. However, it also deprives the preterm newborn of placental hormones and growth factors, as well as maternal nutrients and hormones, which might impact neurogenesis and brain growth (Zeltser and Leibel 2011) . While the placenta is a site to selectively transport maternal nutrients, growth factors, and hormones, it is also a primary source of neurotropic factors such as 5-hydroxytryptamine that affect neuronal proliferation and axonal growth (Bonnin et al. 211) . Additionally, an absence of natural birth may result in failed induction of mitochondrial uncoupling protein or other molecules that might exert significant effect on neurogenesis (Simon-Areces et al., 2012) . The present study did not evaluate the effect of maternal, placental, or any other factors that can potentially affect neurogenesis in preterm infants.
A major strength of this study is the use of autopsy materials from human infants. It has become abundantly clear that the cortical expansion in human is not just quantitative; however, human cortex exhibits novel types of neurons and cytoarchitectonic areas that do not exist in rodents and rabbits (Bystron et al., 2008; Clowry et al., 2011) . While human tissues are invaluable, the infants dying in neonatal intensive care units because of prematurity, respiratory failure, or clinical sepsis might be associated with clinical variables that affect neurogenesis. To limit the potential confounding variables, we included only preterm infants of short postnatal age (<5d) in the study and excluded infants with hypoxiaischemia, culture proven sepsis, major congenital defects, chromosomal defects, meningitis, and intraventricular hemorrhage of grade 2-4. Nevertheless, hypoxia-ischemia and systemic inflammatory response in preterm infants might influence neurogenesis. In a mouse model, chronic perinatal hypoxia has enhanced cortical neurogenesis and has resulted in preferential generation of Tbr1 + excitatory neurons as opposed to parvalbumin + and calretinin + inhibitory neurons (Fagel et al., 2006; Fagel et al., 2009) . Hence, the presented data should be interpreted with caution. The present study used a rabbit model to determine the effect of prematurity on neurogenesis. The rabbit brain is gyrecephalic and they exhibit a brain growth spurt between E22 and P5 (Harel et al., 1972) . In rabbits, brain increases in weight by 7 fold from birth through adulthood compared to four-fold increase in humans druing this period, suggesting relatively less maturation of the rabbit brain at birth relative to humans (Harel et al., 1972 ).
In conclusion, developmental neurogenesis in the cortical SVZ slows down with advancing gestational age, but continues in the preterm infants until 28 gw. In addition, preterm birth inhibits glutamatergic neurogenesis that can be reversed by HIF-1α stabilizing agents. Persistence of neurogenesis in preterm infants underscores a need to minimize the complications of prematurity that may adversely affect neuronal turnover during this period. Agents that stimulate hypoxia transduction pathways might constitute useful therapies for preterm infants to enhance neurogenesis, promote cortical growth and improve neurodevelopmental outcome. A. Representative immunofluorescence of the dorsal SVZ from 3 day old preterm pups and just born term pups double labeled with Tbr2 and Ki67 antibodies. Lower panel is higher magnification. Note the higher density of both proliferating and non-proliferating Tbr2 + cells in term pups compared to preterm ones. Scale bar, 25µm. Cresyl violet stained coronal section from the forebrain of E29 rabbit pup (right top) shows dorsal cortical SVZ (box). B. The total number of Tbr2 + and cycling Tbr2 + cells were higher in term pups compared to preterm pups in dorsal VZ and SVZ. Bar charts are mean ± sem (n=5 each group). *P<0.02 and # P=0.01 for the comparison between preterm and term pups. C. Cryosections from 3 day old preterm pups and immediately born term pups were double labeled with Sox2 and Ki67 antibodies. Low (Upper panel) and high (lower panel) magnification of the dorsal SVZ. Total and proliferating Sox2 + cells are less abundant in term pups compared to preterm ones. Scale bar, 25µm. D. Data are mean ± sem (n=5 each group). The total and proliferating Sox2 + cells were fewer in term pups compared to preterm pups. * and # P <0.05 for the comparison between preterm and term pups. A and C. Representative immunofluorescence of cryosections of dorsal VZ/SVZ from 3 day old preterm pups treated either with DMOG or vehicle. Sections were double labeled with Tbr2 and Ki67 (A) or Sox2 and Ki67 (C) antibodies. Note higher density of Tbr2 + cells and lower density of Sox2 + in DMOG-treated pups compared with vehicle controls. Scale bar, 25µm. B. Quantification of total and cycling Tbr2 + cells in DMOG-and vehicle-treated preterm pups. Bar charts are mean ± sem (n=5 each group). *P <0.05 for the comparison between DMOG and vehicle treated preterm pups. D. The proliferating Sox2 + cells were fewer in DMOG treated pups compared to vehicle controls. Data are mean ± sem (n=5 each group). *P <0.05 for the comparison between DMOG and vehicle treated preterm pups. A. Note EPO mRNA expression was reduced in preterm pups compared to term pups. VEGF mRNA accumulation showed a trend towards decrease in preterm pups relative to term pups. DMOG treatment elevated the levels of both EPO and VEGF. Data are mean ± sem. (n=5 each group). B. Representative Western blot analyses for VEGF and HIF-1α for term, untreated preterm, and DMOG-treated preterm pups. VEGF and HIF1α protein levels were significantly reduced in preterm infants than term pups and DMOG treatment increased the levels. Data are mean ± sem. (n=5 each group). Values are normalized to β actin levels. *P <0.05, **P<0.01 for the comparison between preterm and term pups. #P<0.05 and ## P<0.01 for the comparison between untreated and DMOG treated preterm pups. A. Data are mean ± sem. (n=5 each group). Note that Pax6 and Ngn 2 expression were significantly elevated in preterm pups compared with term pups. DMOG treatment in preterm pups showed a trend towards decrease relative to untreated preterm pups for both Pax6 and Ngn2. Ngn1 gene expression was also significantly higher in preterm pups relative to term pups and DMOG treament reduced the level. B. Hes1/5, Emx1/2, and Insm1 were similar between the three groups as indicated. C. Representative Western blot analyses for Pax6 for term, untreated preterm, and DMOG treated preterm pups. Data are mean ± sem. (n=5 each group). Values are normalized to β-actin levels. Pax6 levels were higher in preterm pups compared to term pups and DMOG treatment signfiicantly reduced Pax6 levels. *P <0.05. **P<0.01 for the comparison between preterm and term pups. #P<0.05 and ## P<0.01 for the comparison between untreated and DMOG treated preterm pups.
